ScieNtific iNveStigAtioNS
objectives: Prader-Willi syndrome (PWS) is a genetic disorder (linked to chromosome 15q11-13) characterized by hypotonia and developmental delay, hyperphagia and obesity, hypersomnia and abnormal sleep, and behavioral problems. Such patients may also be at increased risk of obstructive sleep apnea (OSA), although whether this risk is explained by known risk factors has not previously been directly tested. Our aim was to compare sleep and breathing in an older group of patients with Prader-Willi syndrome with a control group-matched on the basis of age, sex, and body mass index (BMI)-in order to determine which specific features are not explained by these known confounders. Methods: Consecutive patients with PWS attending the PWS clinic at Royal Prince Alfred Hospital Sydney, Australia, were recruited. Age-, sex-, and BMI-matched controls were selected from the Sleep Investigation Unit at Royal Prince Alfred Hospital, and polysomnography-derived sleep and other parameters were compared across the groups. Results: Nineteen subjects with PWS (14 males) were included in the study. Eighteen (95 %) had a total respiratory disturbance index (TRDI) of greater than 5 events per hour, with 4 (21%) having severe obstructive sleep apnea (TRDI ≥ 30 events/hour) and 9 (47%) having evidence of obesity hypoventilation syndrome. Patients with PWS, as compared with the control group, had evidence of more nocturnal hypoxemia, with lower oxyhemoglobin saturations and percentages of sleep time at less than 80% oxyhemoglobin saturation (all p values < 0.05). There were no significant differences in sleep architecture; however, there was a reduction in rapid eye movement latency seen in the PWS group (p < 0.05). Serum leptin was higher than the reference range in the PWS group but was not measured in the control group. conclusion: Patients with PWS drawn from an adult and adolescent PWS clinic have a high rate of sleep-disordered breathing. There is evidence that patients with PWS may have more nocturnal hypoventilation than a well-matched control group. These data suggest that the chromosome region 15q11-13 may be involved in some aspects of the regulation of breathing, although whether putative molecular mechanisms act directly or indirectly will require further investigation. Keywords: Prader-Willi syndrome, obstructive sleeps apnea, obesity hypoventilation syndrome, nocturnal hypoxemia, leptin citation: Yee BJ; Buchanan PR; Mahadev S; Banerjee D; Liu PY; Phillips C; Loughnan G; Steinbeck K; Grunstein RR. Assessment of sleep and breathing in adults with Prader-Willi syndrome: a case control series. J Clin Sleep Med 2007;3 (7) :713-718.
Clinically, establishing the prevalence of OSA in adults and adolescents with PWS is important because OSA has now been shown to be independently associated with systemic hypertension. [21] [22] [23] [24] [25] There is growing evidence that cardiovascular morbidity and mortality is increased in patients with untreated OSA 26, 27 and evidence that such unfavorable consequences may be ameliorated with effective therapy. [28] [29] [30] [31] There is also evidence of sudden and unexplained death in people with Prader-Willi, which may be secondary to respiratory pathology. [32] [33] [34] Early identification and treatment of OSA in PWS thus may delay or prevent these known complications. However, the prevalence of OSA in PWS is difficult to define based on published series. Reports of prevalence of OSA vary from 0% to 100%, and this wide variability clearly reflects the inclusion criteria of the PWS study population. 35 Current case series have included children, adults, or both, and there have been relatively small numbers in published series, with wide age ranges and inclusion criteria. There have also been differences in types of sleep studies used, from nocturnal oximetry to full overnight polysomnography, and sometimes with poor definition of respiratory events.
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So far there have been no case-control studies comparing a group comprising adults and adolescents with PWS and an age-, sex-and body mass index (BMI)-matched control group. The aim of this study was to compare sleep and breathing variables among subjects with PWS and controls in order to (1) establish if there is an increased risk of OSA in PWS and (2) determine if this increased risk is explained by known obesity-related OSA risk factors.
MethoDS

Subjects
The PWS clinic at Royal Prince Alfred Hospital is a tertiary referral facility for adult or adolescent patients with PWS. Nineteen subjects with PWS (14 males, 5 females) were recruited consecutively between 2001 and 2003 regardless of symptoms of OSA. None of the subjects with PWS were being treated with growth hormone, ketogenic diet, or stimulant medications. Thirty five consecutive contemporaneous age-, sex-and BMI-matched control subjects were recruited from the Royal Prince Alfred Hospital Sleep Investigation Unit. Both the PWS and Sleep clinics are colocated tertiary referral centres, which subserve the same geographic population. Controls were taken from consecutive patients (same sex) with an age between 18 and 29 years and a BMI range between 35 and 45 kg/m 2 within 6 months of their polysomnogram. We aimed to recruit 2 controls for each patient, but, due to matching difficulties, in some cases only 1 control for each patient was found. All controls snored or had other clinical features of OSA syndrome that required further investigations. None of the control subjects had previously been diagnosed with OSA or had previous therapy for snoring or OSA. Subjects were excluded if they had any known lung disease or uncontrolled metabolic or cardiovascular disease. Subjects were also excluded if they were on medications that would affect sleep and breathing (e.g., opiates, benzodiazepines) or had significant alcohol intake. For the PWS group, subject consent was acquired through the primary caregiver or guardian. The study was approved by the Ethics Committee (Royal Prince Alfred Hospital zone) of the Sydney South West Area Health Service.
Anthropometrics
All anthropometric measurements were performed in duplicate using standardized techniques. 36 Height was measured (± 0.1 cm) at midinspiratory level using a stadiometer. Subjects were weighed (± 0.1 kg) on a digital scale after voiding and without shoes. BMI was calculated as weight (kg) divided by height squared (m 2 ).
Polysomnography
A standard polysomnogram (Compumedics, Melbourne, Australia) was performed in all subjects at baseline and 24 weeks. The electroencephalogram leads were placed according to the 10-20 system with 4 electrodes attached to the scalp (C3, O2, A1 and A2) and with 2 electrooculogram electrodes and 2 submental electromyogram leads. There were also 2 electrocardiograph leads, 1 near the right shoulder and a second in the sixth intercostal space on the left side of the chest. Sensor leads were placed on each leg over the anterior tibialis for recording leg movements. A nasal pressure transducer monitored breathing. Inductive respiratory effort bands were placed around the chest and abdomen to monitor thoracic and abdominal wall movement. A position sensor was attached to monitor body position during sleep. A finger-probe oximeter recorded oxyhemoglobin saturation continuously.
Sleep stages were scored manually according to standard criteria by Board of Registered Polysomnographic Technologists certified individuals using Compumedics software. 37 All scorers were blinded to group membership and undergo regular quality assurance to achieve interobserver concordance of greater than 90% for sleep staging and 85% to 90% for respiratory scoring. Arousals were scored according to the Atlas Task Force of the American Sleep Disorders Association. 38 For scoring of respiratory events, thoracic and abdominal bands and nasal pressure were used as measures of breathing. An apnea was defined as cessation of airflow for at least 10 seconds (with or without a 3% oxygen desaturation or electroencephalographic arousal), and a hypopnea was defined as a clear reduction (> 20%, compared with the baseline over the preceding 2 minutes) in 1 of the measures of breathing during sleep for at least 10 seconds in association with at least a 3% oxygen desaturation, an electroencephalographic arousal, or both. 38 The total respiratory disturbance index (TRDI) was defined by the number of apneas plus hypopneas per hour of sleep. The REM RDI was the number of apneas and hypopneas in rapid eye movement (REM) sleep. The NREM RDI was the number of apneas and hypopneas in non-REM (NREM) sleep. Time less than 90% and 80% was defined as total sleep times at less than 90% and 80% oxyhemoglobin saturation, respectively.
venipuncture and Arterial Blood gases
Blood samples obtained during fasting and arterial blood gases were collected the morning after polysomnography but only in subjects with PWS in order to further characterize this group. Blood was drawn from the antecubital vein and analyzed by the Departments of Biochemistry and Endocrinology at Royal Prince Alfred Hospital. Serum leptin was determined by microparticle enzyme immunoassay (MEIA) using an automated system (Abbott Axsymm System, Germany). Serum insulin was quantified using a specific double antibody radioimmunoassay kit (Linco Research Inc. St Charles, MO). Arterial blood was obtained from the wrist, and blood gases (Pao 2 , Paco 2 ) and oxyhemoglobin saturation were measured using an automated arterial blood gas analyzer (Radiometer ABL 520, Copenhagen, Denmark).
genetic testing
Genetic testing was performed using fluorescence in situ hybridization or methylation.
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Statistical Analyses
Statistical analyses were performed using SPSS version 10.0 (SPSS, Inc., Chicago, IL). To determine whether the distributions of all continuous data were normal, a Kolmogorov-Smirnov test was performed. When such an assumption could not be met, the data were summarized in terms of medians and interquartile range rather than means and standard deviation (SD). To compare data of a parameter between the 2 groups (PWS vs control), parametric (nonpaired 2 independent group t test) or nonparametric testing (Mann-Whitney U test) was carried out as appropriate. Two-tailed tests were used, and the level of significance was taken as p < 0.05.
ReSultS
Demographics
Nineteen subjects with PWS (14 males, 5 females) were recruited from the PWS clinic. Thirty-five patients (24 men) without PWS were recruited from the adult sleep-disordered breathing clinic. Subjects with PWS and control subjects were well matched (see Table 1 ).
Polysomnography
All but 1 of the patients in the PWS group had evidence of OSA (definition: total RDI > 5 events/h). Although the mean total RDI was the same between the PWS and control groups, there is evidence that there is more nocturnal hypoxemia in the subjects with PWS. REM RDI was higher, and lowest oxyhemoglobin saturation and oxyhemoglobin saturation time less than 80% were significantly lower in the PWS group (all p < 0.05) than in the control subjects. PWS and control subjects were also categorized depending on whether total RDI was greater than or equal (Table 2 ). There was no evidence of central sleep apnea in any of the subjects.
Using the current definition of obesity hypoventilation syndrome, 41 (defined as a BMI > 30 kg/m 2 and daytime Paco 2 > 45 mm Hg not explained by other known causes of hypoventilation), 9 out of 18 subjects with PWS fulfilled the definition of obesity hypoventilation syndrome.
All subjects had adequate total sleep time and sleep efficiency. Although there were no significant differences in sleep architecture between the control and PWS groups, REM latency (time lapsed to enter REM sleep) was significantly reduced in the PWS group (p < 0.018) ( Table 3) .
The PWS group had normal levels of fasting glucose, 5.3 mmol/L ± 1.7 mmol/L (mean ± SD; normal range 3.6-6.6 mmol/L) but elevated insulin, 113.4 pmol/L ± 96.9 pmol/L (normal range 15-60 pmol/L), and leptin, 51.7 ng/mL ± 22.2 ng/mL (normal range 2.0-5.6 ng/mL)n compared with a published nonobese reference group. 42 There was a significant correlation between OSA (as measured by total RDI) and serum leptin (p < 0.05) ( Figure  1 ). PWS was confirmed genetically in all subjects: 68% of the subjects studied had the deletion genotype, a prevalence similar to that of other reports. We did not notice any differences among Sleep Breathing in Adult Prader-Willi the subjects with PWS in terms of demographics, sleep, and breathing (all p > 0.05).
DiScuSSioN
This study shows for the first time that adolescents and adults with PWS have more severe oxygen desaturation during sleep and shorter REM latency, as compared with a well-matched obese control population. However, respiratory indices were largely comparable, meaning that most features were explained by established OSA risk factors. However, these data still do suggest that at least some of the sleep and sleep-breathing features of PWS (e.g., REM latency) are not explained by obesity or obesity-related factors, thereby implicating hitherto unknown factors in the chromosomal region 15q11-13. This is of physiologic interest in identifying potential molecular mechanisms involved in the control of sleep and may be of relevance to other conditions such as narcolepsy or idiopathic hypersomnia. It should also be noted that subjects with PWS were not selected because of OSA symptoms and were recruited from an adolescent and adult PWS clinic, whereas control subjects were recruited from the sleep investigation unit (where the prevalence of OSA would be expected to be higher than in an unselected community population). Although previous studies of PWS have demonstrated variable prevalence rates of OSA, none of these studies had compared an adolescent and adult PWS group with a carefully matched control group. 35 Of importance, both groups were drawn from highly specialized tertiary referral centers subserving the same geographic population, thereby providing some assurance that cases and controls were matched for variables that we did not measure.
Any increase in nocturnal hypoventilation in PWS may be attributable to various mechanisms. It is known that PWS is associated with a restrictive impairment in pulmonary function, 43, 44 as may be the case for other non-PWS subjects with extreme obesity. Both basal and sleeping metabolic rates are lower in subjects with PWS than in controls, 45, 46 likely as a consequence of reduced nonfat body mass, i.e., muscle, and low muscle mass may contribute to respiratory muscle weakness and a restrictive lung defect. Awake ventilatory responses to both hypoxia and hypercapnia are decreased in subjects with PWS independent of the degree of obesity. 47, 48 There is also evidence that the ventilatory response to hypercapnia during sleep is impaired. 49, 50 Thus another potential mechanism for increased sleep-disordered breathing in PWS is the abnormal arousal responses or thresholds to hypoxia and hypercapnia, although we did not measure this. Abnormal arousal thresholds may lead to a prolongation of obstructive apneas and hypopneas, which will lead to more significant nocturnal hypoventilation.
We found high rates of hypercapnic OSA in our subjects with PWS and, in the likely absence of chronic obstructive lung disease (although lung function testing was not part of the investigation protocol, the relatively young age range, absence of reported respiratory symptoms and minimal smoking history in the PWS group argues against the presence of chronic obstructive lung disease), this indicates that a large percentage of these subjects would have fulfilled the criteria for obesity hypoventilation syndrome. This finding has potential for significant long-term consequences. 41 ,51 Although we did not measure arterial blood gases in our control group, we speculate that obesity hypoventilation syndrome would be more common in subjects with PWS than in control subjects due to the increased hypoxemia seen during the night. Limited published data on obesity hypoventilation syndrome in OSA indicates a low prevalence: 9.8% (58 of 590 patients) with a BMI from 30 to 40, and 23.6% (41 of 174 patients) with a BMI greater than 40.
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Another finding from our study was the reduced REM latency observed in men and women with PWS, compared with the control group. Although the actual mean REM latency was within normal limits for both groups, this still supports earlier findings showing reduced REM latency independent of sleep-disordered breathing in people with PWS. 53, 54 Reduced REM latency is consistent with a primary disorder of hypothalamic control of sleep state, perhaps as part of the overall PWS neuropathology in the hypothalamus BJ Yee; PR Buchanan; S Mahadev et al where other syndromic features (e.g., hypogonadism, hyperphagia, temperature dysregulation) are thought to be anatomically centered. This, together with the greater sleep hypoxemia indicating altered sleep breathing drive and reduced arousal, suggests potential common abnormalities in brain centers regulating both sleep and breathing. Although a specific Prader-Willi gene has not yet been identified, candidate genes such as Necdin and Magel2 are expressed in neuronal tissue in the region in animal models, thereby making this implication plausible. [55] [56] [57] This study adjusted for important obesity-related risk factors and provides novel data implicating a direct role of genes in the control of sleep, and breathing during sleep, in patients with PWS. Further preliminary data, similar to ours, implicating the importance of this region in identifying novel mechanisms that control sleep and breathing, are needed.
Insulin and leptin were elevated in these subjects with PWS, as expected for an obese population such as this. Previous studies have shown subjects with PWS to have elevated leptin levels, but these are generally similar to age-, weight-, and sex-matched controls. 58 There was a positive correlation between serum leptin and more severe disordered breathing (total RDI), which has not been previously shown in older patients with PWS. The biologic relevance of this association is unclear. Nevertheless, in other settings, leptin is associated with ventilatory control. 59 A significant correlation between leptin and Pco 2 was detected (r 2 = 0.38, p = 0.032). However, after accounting for the effect of total RDI, this association was no longer significant (r 2 = 0.15, p = 0.17). Although we did not measure ghrelin levels in these patients with PWS, others have shown abnormalities of ghrelin responses to food intake and gastric ghrelin density in PWS 60,61 consistent with central neuronal dysregulation of this orexigenic hormonal regulator, and we could speculate such central dysregulation may also involve leptin.
A limitation of this study is that incidence rates of OSA in patients with PWS were not compared with an age-, sex-, and BMI-matched community sample. However the rates are still much higher than projected community rates, 62 suggesting that the increased prevalence is PWS related. The addition of an age-, sex-, and BMI-matched control group drawn from an OSA clinic population merely served as a comparator for assessing whether OSA severity was worse in PWS. The results indicated that REMrelated OSA and hypoxemia were worse in the PWS group. A second limitation is that, without transcutaneous Pco 2 , it is difficult to determine whether the above-mentioned differences in REM OSA and hypoxemia explain the elevated daytime Pco 2 seen in the PWS group. Apart from blood gases, future studies would need to include nocturnal Tcco 2 measurements together with lung function tests to more clearly resolve this question. Nevertheless, we believe that these findings provide novel and direct data implicating non-obesity-related factors in the pathogenesis of some aspects of OSA in men and women with PWS.
In summary, we have reported sleep-breathing data in an older group of subjects with PWS showing a high incidence of OSA and accompanied by daytime hypercapnia, suggesting the possible presence of sleep hypoventilation. Subjects with PWS also demonstrated early REM-onset and increased REM-related OSA with worse hypoxemia, when compared with a matched obese control group with OSA. We postulate genetic central hypothalamic dysfunction as a likely basis of these findings.
